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ABSTRACT: The effect of ammoniac deoxidizing agent (Urea) on the reduction of NOx produced in the Diesel 
engine was investigated numerically. Urea dissolved in water was directly injected into the engine cylinder during the 
expansion stroke. The NOx deoxidizing process was described using a simplified chemical kinetic model coupled with 
the comprehensive kinetics of Diesel oil surrogate combustion. If the technology of DWI (Direct Water Injection) with 
the later injection timing was used, the deoxidizing reactants could be delivered in a controlled amount directly into the 
flame plume zones, where NOx formed. Numerical simulations for the Isotta Fraschini DI Diesel engine were carried 
out using the KIVA-3V code, modified to account for the “co-fuel” injection and reaction with combustion products. 
The results showed that the amount of NOx could be substantially reduced up to 80% with the injection timing and the 
fraction of Urea in the solution optimized. 
Keywords: diesel spray-combustion simulation, emission reduction, in-cylinder water and Urea injection 
 
1. INTRODUCTION 
To reduce the NOx level by up to 90%, the SCR 
(Selective Catalytic Reduction) technique has been 
proposed and realized (Rota et al., 2002). With this 
method, the exhaust gas is mixed with ammonia 
NH3 or Urea (NH2) 2CO (as NH3 source) before 
passing through a special catalyst at a temperature 
between 300 °C and 400 °C, whereby NOx is 
converted into N2 and H2O. The method is used 
currently in stationary power-plants, and successful 
applications to motor vehicles have been published 
in the work of Lepperhof, Huthwohl and Pischinger 
(1992). Reducing NOx by means of Urea SCR can 
only take place in the narrow temperature window, 
because if the temperature is too high, NH3 will 
burn rather than react forming NO/NO2. At low 
temperatures and loads, the conversion rate 
becomes too low as illustrated in Fig. 1 by 
predictions made by Dr. Kusaka (2006). The 
amount of Urea injected into the exhaust gas is 
controlled by the process in proportion to the 
volume of NOx produced by combustion depending 
on the engine load. 
Another possible technique that can be referenced is 
the so-called HAM (Humid Air Motors), where 
NOx reduction is achieved by reducing the 
maximum combustion temperature and oxygen 
content by adding in the intake air inert media with 
high specific heat capacity: exhaust gas or steam. In 
the case of steam, only particulate emission can be 
reduced, but not NOx as illustrated by the φ-T 
parametric emission maps in Fig. 2. The maps are 
constructed in a way similar to those documented 
by Akihama et al. (2001). By using the aqueous 
Urea, both soot and NOx reduction could be 
expected. In this way, there is no necessity for the 
catalytic block, and water quality in aqueous Urea 
can be diminished. However, the NOx conversion 
process is difficult to optimize since NH3 will be 
homogeneously distributed within the cylinder to 
the low and high temperature zones. This can 
destroy completely the effect of NOx reduction. 
There is another option based on the DWI (Direct 
Water Injection) concept, employing a direct post-
injection of the aqueous Urea as a “co-fuel” into the 
cylinder during the expansion stroke at the moment 
when pressure and temperature will reach the levels 
optimal for NOx conversion (Miyamoto et al., 
1993). In this work, separate injectors were used to 
inject fuel and deoxidizing agents into the 
combustion region. The experimental results for 
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both water and aqueous Urea are presented in 
Fig. 3. If the injection timing and the amount of 
Urea injected are properly selected, the substantial 
reduction of NOx can be achieved. Since the 
injection timing range is narrow, the selection of its 
optimal value requires an accurate evaluation. If the 
same injector is used, the reactants will be delivered 
in a controlled amount directly into flame zones, 
where NOx forms. 
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Fig. 1 The NO conversion rate in the catalytic converter as a function of the engine load (courtesy of Dr. Kusaka). 
 
 
 
(a) (b) 
ig. 2 Emissions Soot-NO parametric map for (a) pure air oxidizing atmosphere in the cylinder, (b) oxidizing atmosphere 
 
 
F
containing 10% (volumetric) steam. 
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Fig. 3 Normalized (by NOx produced without Urea or water injection) NOx concentration in the cylinder as a function of 
injection timing. 
 
Fig. 4 Double fuel injector for the LDWI (Later Direct Water Injection) test. 
 
Conversion of NOx by gaseous ammoniac 
deoxidizing agents was observed at the 
temperatures below 1200 K, and NOx were found 
increased for higher temperatures (Canton and 
Siebers, 1988). The injection of the aqueous Urea 
and the associated water evaporation thermal effect 
can widen the temperature range of applicability of 
this NOx reduction mechanism. In this way, the 
earlier Urea injection can be realized giving a 
longer residence time for the NOx reduction 
process. In the study of Tajima et al. (2006), a high 
pressure water injection system and a special fuel 
and water injection nozzle were designed and 
manufactured for the LDWI test. 
Fig. 4 represents a cross-sectional view of the 
special two-needle type water injector. The 
availability of such a device substantiates the 
suggestion made in this work—direct injection of 
NO deoxidizing agents through the same nozzle. To 
evaluate this option of NOx reduction, numerical 
simulations for the Isotta Fraschini DI Diesel 
engine were carried out using the KIVA-3V code 
(Amsden, 1997), coupled with the detailed 
chemistry approach for both diesel surrogate and 
Urea components. Since the original KIVA-3V 
191 
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code allows the injection of only one fuel strictly 
occupying the first position in the species list, the 
code was modified in order to consider different 
fuels independently from their position in the 
species list. The process of NOx reduction is 
illustrated also by using time transient parametric  
φ-T maps. At first, the computational models used 
in the simulations will be briefly described. 
2. MODELS FOR DIESEL SPRAY 
2.1 Diesel fuel surrogate model 
uid substances 
ustained by a formula of the 
+C7H8+H2O (1) 
ig. 5 Schematic of the soot formation from the 
The integrated model predicts properly shock-tube 
2.2 Nitric oxide interaction with combustion 
chemistry 
If there is a large amount of NOx in the mixture 
composition, which can be the case when using 
COMBUSTION 
Practical diesel fuels are liq
consisting of a great number of aliphatic, cyclic and 
aromatic compounds, and their combustion 
chemistry is too complex to be modeled using 
detailed chemical mechanisms for all fuel 
components. Instead, the models for surrogate 
Diesel oil are used in numerical simulations. In this 
paper, fuel aliphatic components are represented by 
n-heptane owing to its cetane number of 
approximately ~56, which is similar to the cetane 
number of conventional Diesel oil. Aromatic 
components significantly contribute to soot 
formation. The Diesel oil surrogate, which can 
accurately represent the auto-ignition as well as the 
other properties of a real fuel, is assumed to be a 
blend of approximately 70% of n-heptane, C7H16 
and 30% of toluene, C7H8 (Gustavsson and 
Golovitchev, 2003). 
This proportion is s
global pyrolysis reaction: 
1.5C14H28+0.5O2=>2C7H16
Diesel oil surrogate model consists of two parts: the  
thermal / transport properties of the liquid fuel and 
fuel vapor and its chemical constituents. Diesel oil, 
as it is used in the KIVA-3V code, is a compilation 
of real Diesel oil properties with a proposed 
chemical formula C13H23. Since in the surrogate 
model, the constituent components were selected as 
n-heptane and toluene, and fuel decomposition is 
realized in the global stage (1), the fuel chemical 
formula has to be replaced by C14H28 to meet the 
specified proportion between the components. 
Then, the detailed reaction mechanisms for 
n-heptane and toluene oxidation have been 
compiled and validated using shock-tube auto-
ignition experimental data. The complete 
mechanism integrating the n-heptane and toluene 
oxidation chemistry coupled with the kinetics of 
aromatics (up to three aromatic rings) formation for 
rich acetylene flames was reduced on the bases of 
the sensitivity analysis (using the software of the 
Chemkin-2 package (Lutz, Kee and Miller, 1994)) 
to the mechanism consisting of 70 species 
participating in 306 reactions which is implemented 
into the KIVA-3V code to simulate diesel spray 
combustion. The mechanism includes both high and 
low temperature oxidation paths for aliphatic 
hydrocarbons and a high temperature oxidation sub-
mechanism for toluene and was proved to predict 
the real Diesel oil auto-ignition, combustion 
development and formation of polycyclic aromatic 
hydrocarbons (PAHs) as the gaseous soot 
precursors represented by acenaphthylene species, 
A2R5, which are non-planar aromatic rings. Soot 
formation mechanism consists of a series of 
elementary reaction steps leading from acetylene to 
the first aromatic ring, A1. These reaction steps are 
followed by the successive stages of H-abstraction, 
C2H2-addition (HACA-mechanism), thus, yielding a 
chain of aromatic rings as shown in Fig. 5. Toluene 
can form A1 rings independently of the acetylene 
path mentioned. 
 
Soot 
C(s) 
F
gaseous precursors. 
auto-ignition experiments for both n-heptane and 
toluene, time evolutions of fuel surrogate and its 
constituents, and soot formation/oxidation in the 
course of combustion in a reasonable agreement 
with measurements. The electronic version of the 
mechanism can be found on the web site 
(Golovitchev, 2007). 
192 
Engineering Applications of Computational Fluid Mechanics Vol. 1, No. 3 (2007) 
external or internal EGR in the conventional Dies
combustion
el 
 mode, reactions for the combustion 
 catalytic cycle, NO and NO2 species 
racting with the less reactive radical 
 combustion. It is already well 
 listed in 
s of NOx 
interaction sub-mechanism 
    n Ea
chemistry interaction with NOx species must be 
added: 
 
 
 (2) 
 
 
n thisI
circulate inte
HO2 forming the highly reactive OH radical which 
ion by Urea includes 
will speed up the
known that NO in the recirculated exhaust gases 
acts like a combustion promotor, but what is not 
discussed frequently is that it can also act in the 
opposite way, which happens if a large NO amount 
is present consuming H and O radicals needed for 
the main fuel oxidation. The Zel’dovich 
mechanism, supplemented by a low temperature 
nitrogen oxidation path via N2O, has been added to 
supplement the NOx formation mechanism. It is 
instructive to note that the sub-mechanisms for soot 
oxidation and NOx formation are coupled with the 
common radical pool and the accurate prediction of 
both emissions is dependent on the proper balance 
between their oxidation rates. 
2.3 Nitric oxide interaction with Urea 
The mechanism of NO reduct
 
Table 1 Urea/NO 
OHNOHONO +=+ 22
OHNOHNO +=+2
22 ONOONO +=+
four species participating in 17 reactions as
Table 1, together with the sub-mechanism
and soot oxidation. In this study, only the high 
temperature sub-mechanism is accounted for. The 
process begins with Urea decomposition. In the 
presence of water vapor, Urea decomposes through 
the following path: 
     A 
1 (S) + 2 =  + O +11 00 C O   O C  3.00E 0 128
2 C(S) + H2O   = CO + H  3.00E+11 0 42800 
  
 
2  
 
 
  
 
2 2
+ M 2 41 
 0 
  
O + O 75  
)2CO + CO
2  
9 
 4 
  
+  
 50 
 
  
+  
 23 
  4 
+  620 
eaction r re in cm3 ole  activation energies, Ea ,  c
2
H 3 C(S) + OH   = CO +  1.00E+12 0 36800 
4 C(S) + N2O   = CO + N2  3.00E+11 0 16800 
5 N + NO   = N2 + O  3.50E+13 0 330 
6 N + O2   = NO + O  2.65E+12 0 6400 
7 N + OH   = NO + H  7.33E+13 0 1120 
8 N + CO   = NO + CO  1.90E+11 0 3400 
9 N2O + O   = N2 + O2  1.40E+12 0 10810
10 N2O + O   = NO + NO  2.90E+13 0 23150 
11 N2O + H   = N2 + OH  4.40E+14 0 18880 
12 N2O + OH   = N2 + HO2  2.00E+12 0 21060 
13 NO + HO   = NO + OH  2.11E+12 0 -480 
14 NO + O = NO + M  1.06E+20 -1. 0 
15 NO2 + O   = NO + O2  3.90E+12 0 -240 
16 NO2 + H   = NO + OH  1.32E+14 0 36
17 NO2 + CO   = CO2 + NO  9.00E+13 0 33800 
18 NO2 + HC   = H + CO2 N 8.40E+15 -0. 1930
19 (NH2 + H2O   = NH3 + NH3 2
M 
6.13E+10 0 20980 
20 NH3 + M   = NH + H + 2.20E+16 0 93470
21 NH3 + H   = NH2 + H2  6.36E+05 2.3 10171 
22 NH3 + O   = NH2 + OH  9.40E+06 1.9 6460 
23 NH3 + OH   = NH2 + H2O  2.00E+06 2.04 566 
24 NH2 + N   = N2 + H H 7.20E+13 0 0 
25 NH2 + NO   = N2 + H2O  1.26E+16 -1.25 0 
26 NH2 + H   = NH + H2  4.00E+13 0 36
27 NH2 + O   = NH + OH  6.80E+12 0 0 
28 NH2 + OH   = NH + H2O  4.00E+06 2 1000 
29 NH2 + HO2
O
  = NH3 + O2  1.00E+13 0 0 
30 NH + 2   = NO + OH  1.30E+06 1.5 100 
31 NH + NH   = N2 + H H 2.50E+13 0 0 
32 NH + N   = N2 + H  3.00E+13 0 0 
33 NH + NO   = N2 + OH  2.16E+13 -0. 0 
34 NH + NO   = N2O + H  2.90E+14 -0. 0 
35 N2O + M   = N2 + O M 1.30E+11 0 59
            
Notes: R ates a , m , sec; are in al units. 
193 
Engineering Applications of Computational Fluid Mechanics Vol. 1, No. 3 (2007) 
 (3)  
Due to the formation of NH3, the kinetic modeling 
of the system Urea/NO couples the Urea 
decomposition and the kinetic of the NH3/NO 
system (that involves the NH2/NO subsystem). 
Following well established sub-mechanisms, the 
key species for NO reduction is the radical NH2 
formed from NH3 by hydrogen abstraction: 
 
 (4) 
 
The major reaction channels of NO conversion are 
selected as: 
 
 
 (5) 
 
Other details of the mechanisms can be found in the 
work of Rota et al. (2002). 
2.4 Dynamic φ-t parametric maps analysis 
Recently, in study of Akihama et al. (2001), the low 
emission diesel combustion regime in the presence 
of high EGR loads was analyzed using parametric 
φ-T, equivalence ratio – Temperature, static maps 
for one component fuel coupled with a simplified 
3D engine simulation. The usage of simplified 
combustion model in 3D simulations and static 
results of such an analysis 
predominately qualitative. 
This paper presents results of the extended analysis 
of such a type based on the detailed chemical model 
of the Diesel oil surrogate combustion. The sub-
mechanisms for the constituent components were 
compiled, validated using recent shock-tube auto-
ignition data integrated together with NOx 
formation, PAH growth (till third aromatic ring, 
acenaphthylene) models, and the semi-empirical 
model for incipient soot formation/oxidation and 
used to construct the dynamic parametric φ-T maps 
with the help of the SENKIN code (Lutz, Kee and 
Miller, 1994). 
The maps are dynamic in the sense that when they 
are constructed, the map parameters, such as 
pressures and elapsed times, were taken in 
compliance with those calculated in the 
compression/expansion strokes of 3D engine 
simulations as in Fig. 6. In-cylinder conditions 
represented by computational cells with known φ 
and T predicted using the KIVA-3V code were then 
plotted on the maps, identifying combustion 
trajectories helping to navigate between the regions 
of emissions formation by varying any hardware 
and injection parameters. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6 The schematic of the dynamic parametric map construction; maps 1–3 correspond to different CADs. 
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Fig. 8 The CO map and time histories of the cell parameters corresponding to 3 different CADs, i.e., -3, 0 and 10, for the 
conventional Diesel injection. 
 
 
Fig. 9 The C2H2 map and time histories of the cell parameters corresponding to 3 different CADs, i.e., -3, 0 and 10, for 
the conventional Diesel injection. 
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The identical chemical mechanisms were used both 
in the map construction and in the engine 
simulations. Instead of the conventional fuel to air 
equivalence ratio, the chemical equivalence ratio 
based on a full mixture composition has been used 
to construct the maps. 
The results obtained in the parametric map analysis 
are summarized in Fig. 7–Fig. 9. Another set of data 
is plotted in Fig. 18–Fig. 21 on page 204. When a 
cluster of cells intersects the peninsulas of 
emissions formation, as those in Fig. 7, it 
characterizes the process of their formation. 
Another advantage of the analysis developed is that 
p
chemica ation of 
products of non-complete combustion, for example, 
O (Fig. 8 refers) and soot precursors, acetylene, 
and C2H2 (Fig. 9 refers). 
From Fig. 7 one can conclude that soot is formed 
during the initial stage of combustion, while NOx is 
produced after the main combustion is completed. 
Soot formation is maximized close to the TDC. 
From Fig. 8, it follows that CO is formed in 
abundance when rich mixture burns. Soot precursor, 
C2H2, distributions are changing its specific shape 
forming a second peninsula, since acetylene is 
consumed in the soot formation region. 
Soot precursor formation takes place in both the 
lower and higher temperature sides of the soot 
formation region. It is possible also to present in the 
n
.5 Chemistry-turbulence interaction model 
Most methods in simulating reacting flows involve 
numerical solutions of the Reynolds Averaged 
Navier Stokes (RANS) equations. The key element 
of any reliable turbulent combustion model is the 
incorporation of two distinct mechanisms in the 
turbulent mixing—macro- and micro-mixing. To 
account for the effect of mixture imperfections, the 
generalized PaSR model has been employed 
(Golovitchev et al., 2003). The original PaSR model 
introduced by Villermaux and Devillon (1972) is a 
simple form of the IEM (Interaction by Exchange 
with the Mean) approach. Let us describe briefly 
the original IEM model accounting for a 
reactor. oncentration 
injected into the reactor are heated by mixing with 
the more aged ones and are reacting in the reaction 
zones with the premixed mixture. The particle 
mixing rate depends on the micro-mixing time 
scale, τmax. The set of the time transient equations 
governing the species concentrations in the reaction 
zone can be read as: 
 
 
; 
 (6) 
where c is the instantaneous species molar density 
in the reacting zone, T is the mixture temperature, 
and fr(c,T) is the chemical source term; the brackets 
it is ossible to obtain the maps of different 
l species characterizing the form
denote an averaging procedure; species indices are 
omitted for simplicity. The mean value >
C
same way maps for other species included into the 
reactio  mechanism. 
2
Lagrangian particle age repartition inside the 
 Particles representing species c
< c  is the 
integral weighted by the pdf (probabil y 
function), 
ity densit( )cp , describing the species repartition, 
i.e., 
(7) 
By assuming ergodicity for the concentration 
repartition for a given time and the particle age 
repartition in the reactor, it follows: 
( ) dccpcc ⋅⋅>=< ∫ 10   
( ) ( ) dttdccp ⋅=⋅ φ   (8) 
where φ(t) is a random function of a deterministic 
variable t. This function was taken in a form of the 
exponential distribution, where ( ) r/e,/1 τtτ t/τr −=φ
rτ  is the mean residence time of particles in the 
The exponential distribution is a reduced form of 
the Poisson distribution with one discrete 
occurrence or “arrival” in the course of the 
residence time. Finally, the averaging procedure 
was defined as: 
 (9) 
This model is known as the PaSR (Partially Stirred 
Reactor) model. The more theoretical foundation of 
the model can be found in Fox (2003, pp. 153–155). 
The description above illustrates the coupling 
between two approaches used in the turbulent 
combustion modeling. 
In the extended PaSR model (Golovitchev et al., 
2003), the averaging procedure described by 
n 
 
obtained on the computational grid in which each 
cell represents the reactor, thus giving the values of 
reactor. 
( ) ( ) dtttcc ⋅⋅>=< ∫ ∞ φ0
equations (7)–(9) is replaced by numerical solutio
of the conservation equations of spray combustion
>< c  and other flow parameters. The cells of the 
( )Tcfcc
dt
dc
r
mix
,+< > −= τ ( ) 00 ctc ==
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computational grid can be interpreted as the 
particles representing the mixture composition in 
the original IEM model. The numerical solution is 
based on the operator-splitting procedure applied to 
the mass conservation equations for species 
included in the multi-step reaction mechanism. In 
terms of this approach, the time differencing was 
performed in three steps: the first step was assumed 
to be the convection contribution, the second one is 
the diffusion effect without a contribution of micro-
mixing and the third step is the chemical kinetics 
coupled with micro-mixing. The last step can be 
interpreted as combustion in a constant volume 
Partially Stirred Reactor (PaSR) of a computational 
cell size, where reactions occur in a fraction of its 
volume described by the system of ODEs, i.e., 
 
( )Tcfcc
dt r
,=== ττ  
 (10) 
Above, the chemical source term is calculated using 
the reactor virtual concentrations, 
cccd 01 <−><>< 01 −>
τ is the time 
integration step; the averaging symbol is omitted 
hereafter. 
The model distinguishes among the concentration 
(in molar density) at the reactor exit, c1, the 
erical methods, e.g., by the 
e. 
ce 
concentrations in the reaction zone, c, and in the 
feed, c0. As time proceeds, c1 trades place for c0. 
See Fig. 10 for details. 
In the case of 1cc ≡ , the system (10) can be solved 
by conventional num
kinetics program of the Chemkin packag
Otherwise, these equations are “unclosed”, sin
two sets of unknowns, c1 and c, must be found. To 
close the system (10), a steady-state form of 
equation (6) can be taken leading to the equations: 
 
 (11) 
which now can be routinely solved. 
For example, in the case of the linear Arhenius 
kinetics , one can get: 
 
;  
(12)
where cτ  is the characteristic chemical reaction 
time. 
 
 
 
 
 
 
 
 
 
 
ro-m
Equations (12) are illustrated by the react
diagram of the PaSR model presented in Fig. 
 
 
 (13) 
and H is a har
me
ce s-species due to the chemical 
reaction with accoun
effect can be given in a form 
 
 
 
Fig. 10 The rate diagram of processes for the PaSR 
model; I denotes the chemical reaction, II – 
mic ixing. 
ion 
10. 
The second portion of equation (11) expresses the 
main idea of the EDC model “mixing–reacting”. 
After algebraic manipulations, the above problem 
solution can be represented in a form
where      , monic 
an. 
Equation (13) shows that the turbulent combustion 
time is the sum of the micro-mixing and reaction 
times, if the process is expressed in terms of the 
reactor exit parameters. This is the main 
consequence of the PaSR model. For the detailed 
chemical mechanism, the net production rate of the 
so-called referen
ting for the micro-mixing 
 
 (14) 
 
 
where fr0 and termr- are the net chemical 
production rate and the term representing total mass 
depletion rate, i.e., 
 
τωυυ /)()()( srrrrrrr ctermtermtermccf −=−=′−′′= +−+&  (15) 
 
In the above, "rυ and 'rυ are stoichiometric 
coefficients of the backward and forward stages, 
( )Tcfcccc r
mix
,
101
=−=− ττ
mix
cccc
ττ
101 −−=−
cmix
ccc
ττ −=
− 1
⎟⎟⎠⎜
⎜
⎝
−=⋅⎟⎟⎠⎜
⎜
⎝
⎞⎛⎞⎛−− ccccc
11101 1=
mixcc
H ττκττ ,2
( )cmixc τττκ +=
mixrrs
rs
r
ss
termtermc
fc
cf
cc
ττκτ −− ++=⋅=
−
0
00
1
01
)(
( ) cr cTcf τ−≡,
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rω& i
D
D
+
−=
1
)3(3α
s
rate 
xpression termr- by the linear one, cs/τc. 
Substituting the expression (15) into the formula 
(14), one can get 
 the rate progress variable of the r-reaction, 
respectively. 
Equation (14) can be deduced, if the chemical 
reaction times τc are formally defined as 
characteristic times of the species destruction rates, 
the species chemical production terms are presented 
as in equation (15). Micro-mixing time is described 
in terms of Kolmogorov’s time definition 
(Golovitchev et al., 2003). 
The references species formally defined as the 
species with a smallest concentration among those 
defining the depletion rate in the linear form (15). 
In this sense, they are similar to the limiting 
(deficient) species of the Magnussen-Hjertager, 
EDC model (Magnussen and Hjertager, 1976). The 
introduction of such a reference species for each 
eaction helps to approximate the nonlinear r
e
 
mixc
sc
mixc
c
rterm
mixc
c
cscrtermcrf ττττ
τ
ττ
ττ +−+
+=+−
+= )/()(  (16) 
  
Accounting for the chemical equilibrium conditions 
fr(c)=0, i.e., termr+=cseq/τc, the expression (16) in 
omp
 
of the mechanism, chemical times can be attributed 
epletion stage 
−≈
ndices. In terms o odel, the 
ortest of these times is restricted from below by 
 the usage of 
the original er model. In a 
curate definition of the micro-mixing time is 
a matter of importance for any EDC turbulent 
combustion model. The micro-mixing time 
definition used is applicable to the system with 
“natural” mixture non-uniformities and based on the 
β-model proposed by Frisch (1995). In terms of this 
approach, at each stage of the Richardson vortex 
cascade, the number of eddies formed from a given 
“parent” eddy is chosen such that the fraction of 
volume occupied by “active” eddies is decreased by 
a factor β<1. In this way, the turbulent 
intermittency is introduced in a geometrical form of 
fractal dimensionality D. Coupled with the 
the limit τc→0 reduces to: 
 
 (17) 
 
 
that perfectly c lies with the rate expression of 
the classic EDC model. 
2.6 Chemical and micro-mixing times 
definitions 
The chemical reaction times  are formally 
alculated as characteristic times of the depletionc
rates, if the species chemical production rates are 
presented as in (15). In this way ry reaction  , for eve
to species participating in the d
ng to leadi the definition ( ) kckickirr ccckcf ,, /ττ −≈−= ,where i ,k  are 
species i f the EDC m
ic /
sh
the micro-mixing tim
limiting case of chemical equilibrium, the models 
become ntical. 
The ac
 ide
ε−k  
model of turbulence, the viscous dissipation (micro-
mixing) time can be derived as 
 
 (18) 
 
where  , k and 
( )
 
2
1
)1(2/1
Re/
α
μ
αα
εε
ν
ετ
−
−
⋅⎟⎠
⎞⎜⎝
⎛=
⎥⎥⎦
⎤
⎢⎢⎣
⎡ ⎟⎠
⎞⎜⎝
⎛⎟⎠
⎞⎜⎝
⎛= tmix ckk
ε  are the 
turbulent kinetic energy and energy dissipation rate, 
respectively. From experiments reported in 
Sreenivasan and Meneveau (1986), it follows that 
the fractal dimension for turbulent dissipation is 
about D = 2.7, i.e., 
 
 (19) 
 
 
In the Above, bar denotes a periodic fraction. In 
particular, the eddy break-up time ~ k / ε 
corresponds to D = 5; the Kolmogorov micro-scale 
time τk = (v/ε)1/2 - to D = 3. 
2.7 Spray models 
ted in the 
KIVA3V, rel. 2 code were left unchanged. The 
simulation of a spray liquid core fragmentation 
starts by injecting droplets with prescribed 
attributes (size, velocity, and temperature) of initial 
h are usually derived from 
experiments. Since for the present analyses no 
experimental data were available, the initial 
droplets parameters are derived from empirical 
correlations, depending on Weber and Laplace 
numbers and gas to fuel density ratio valid for a 
single high-pressure injector, as proposed in the 
work of Bayvel and Orzechowski (1993). 
e, thus explaining
deficient (limiting) species in the rate expression of 
EDC Magnussen-Hjertag
Most of the spray models implemen
parameters whic
mix
s
eq
s
r
cc
cf
c ττ
−=→ )(lim0 ( ) 621.0Re/ tmix ck μετ ⋅⎟⎠⎞⎜⎝⎛=
cτ
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According to this approach, initial spray cone angle, 
roplet Sauter mean diameter and injection duration 
t different injection pressures are determined from 
el properties and gas conditions at Start of 
jection, SOI. Since the modeling of multiple 
jections has to be realized on a relatively coarse 
omputational grid, the standard droplet collision 
odel implemented in the KIVA3V code was 
placed by another one, which employs an 
lgorithm based on the approach used in the 
olecular dynamics (Gustavsson, Golovitchev and 
elmantel, 2004). According to this model, the 
olliding droplets not necessarily belong to the 
same computational cell that substantially reduces 
AB 
o  by 
the Wave Breakup Mod
the resulted 
stants of the 
ray an odels have not been tuned 
3. SIMULATED ENGINE CASES 
0-degree Cartesian mesh 
 (2  
he engine operating conditions used in the 
arameters in the Table 3. The amount of Urea 
lution injected cannot be arbitrary reduced since 
r / Urea solution, different Urea 
ass percentages have been tested: pure Urea 
(“pure” or “100%” Urea is introduced 
odeling as a parametric limit only, since pure 
rea  is a solid substance), 80% Urea, 50% Urea 
d
a
fu
In
in
c
m
re
a
m
H
c
the model grid dependence. The original T
model f the KIVA3V code has been replaced
el (Reitz, 1987) which 
assumes that the time of breakup and 
droplet sizes are derived from the jet linear 
instability (Kelvin-Helmholtz, Raleigh-Taylor 
mechanisms) analyses. Since no experimental 
measurements were available for the engine 
analyzed in this study, any quantitative comparison 
has not been possible. Thus, the con
sp d combustion m
and standard values have been used. 
In the simulations, a 36
(66 x 66 x 65 cells in the squish and stroke regions 
and 44 x 44 x 26 in the bowl regions as shown in 
Fig. 11) has been used with an overall cell number 
equal to 338,000. The cell dimension has been 
chosen in order to minimize the grid dependence on 
the spray penetration and shape. The choice has 
been made accordingly to previous studies carried 
out by the authors and more details can be found in 
the work of Golovitchev et al. 005).
T
modeling are listed in Table 2 and injection 
p
so
the deoxidizing agent must be transported by the 
spray to the region where NOx are formed. 
When injecting wate
m
in the 
m
U
and 20% Urea. 
 
(a) (b) 
Fig. 11 (a) Cross-sectional and (b) top views of the 
KIVA3V mesh for the simulated engine. 
 
Table 2 Engine specifications 
Bore [mm] 130 
Stroke [mm] 126 
Compression ratio 15.4 
Injection system CR Direct Injection 
Bowl diam. [mm] 92.0 
Number of injector nozzles 7 
Nozzle diameter [mm] 0.30 
 
Table 3 Injection strategies 
 # 1 2 3 Case
Speed [rpm] 1000 1000 1000 
Inj. Diesel fuel 124.5@
mass & timing 
-6 124.5@-6 124.5@-6 
[mg/st@CAD] 
72.5@+ 5 1
72.5@+30 
Inj. water mass 
& timing 
[mg/st@CAD] 
0 
72.5@+45 
0 
0 0 72.5@+15 
  72.5@+30 
Inj. water / 
Urea solution 
mass & timing 
72.5@+45 [mg/st@CAD]   
4. RESULTS AND DISCUSSIONS 
Several cases were considered: the injection of pure 
Diesel oil surrogate, the injection of Diesel oil 
followed by the injection of water and the injection 
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of Diesel oil followed by the injection of Urea 
dissolved in the water in different proportions at 
 
 
releas
il plus il plus pure Urea (water and Urea are 
different SOIs, as can be seen in Table 3. At first, 
the integrated in-cylinder parameters, such as in-
cylinder pressure, Rate of Heat Release, RoHR, 
Soot and NO formation vs. CAD histories are 
presented in Fig. 12. 
From Fig. 12(a) it follows that the pressure in the 
engine cylinder reaches 165 bar and the Rate of 
Heat Release is predicted about 700 J/CAD, 
characterizing an intensive combustion regime. 
Urea injection leads to the secondary heat release, 
whose intensity reaches about 200 J/CAD. In the 
pressure trace, one can see the secondary pressure 
rise due to the Urea injection. These pressure 
 
 
growth and energy release are due to the fact that 
the water / Urea solution represents a “real” co-fuel 
for the Diesel oil with a noticeable heat release 
effect, if it decomposes. 
From Fig. 12(b) it follows that a substantial amount 
of Soot formed after the main combustion phase is 
rapidly oxidized by an access of oxygen. The 
presence of water or Urea does not change 
significantly the maximum Soot oxidation rate. 
Fig. 12(c) shows that the presence of Urea leads to 
a remarkable reduction, by 77%, from the initial 
level of NO formed during the main phase of 
combustion, while the water injection does not lead 
to a noticeable reduction of NO. 
 
 
 
 
 
 
 
 
 
 
Fig. 12 Calculated (a) in-cylinder pressure and rate of heat 
to the injection strategies: Diesel oil only, Diesel o
injected at +30 CAD ATDC).
 
 
 
 
 
 
 
 
 
 
 
 
 
(a)  
 
 
 
 
 
 
(b) (c) 
e, (b) Soot and (c) NO formation vs. CAD corresponding 
water and Diesel o
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The results of computations in terms of local 
temperature and NO distributions are compiled in 
galleries of plots corresponding to different CAD 
positions, presented in Fig. 13 and Fig. 14. Plots 
include both top and side views: top views show the 
cross section located 50 mm from the engine head; 
side views show cross sections passing through the 
spray axis. 
From temperature distributions corresponding to the 
crank angles after the main phase ombustion 
) it follo  that the ectio
reduces the temperature of t
 comparing distri
b). Ho ever, the amount o
not substantially changed by the water injection as 
it can be concluded from the comparison of 
n causes a 
in 
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of c
(CADs > 30
substantially 
combustion products, if
ws inj n of water 
 he 
butions in 
Fig. 13(a) and ( w f NO was 
Fig. 14(a) and (b). The Urea injectio
noticeable temperature growth, as shown 
Fig. 13(c); nevertheless, a substantial reduction of 
NOx is illustrated in Fig. 14(c). 
 
 
   
   
(a) 
   
   
(b) 
   
   
(c) 
 
 31 CAD 35 CAD 37 CAD 40 CAD 60 CAD 80 CAD 100 CAD  
Fig. 13 Galleries of numerical results representing temperature distribution at different CADs for (a) Diesel injection, (b) 
Diesel and water injection and (c) Diesel and pure Urea injection cases (water and Urea are injected at +30 CAD 
ATDC). 
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   (a)
   
 
   (b)
   
 
   (c) 
    
 D 37 CAD 40 CAD 60 CAD 80 CAD 100 CAD  31 CAD 35 CA
Fig. 14 Galleries of numerical results representing NO distribution at different CADs for (a) Diesel injection, (b) Diesel 
and water injection and (c) Diesel and pure Urea injection cases (water and Urea are injected at +30 CAD ATDC).
The results of simulations corresponding to 
different water and Urea injection timings and 
water/Urea proportions in the solution are 
summarized in Fig. 15–Fig. 17. In Fig. 15, one can 
see that delayed Urea injection leads to reduced 
heat release rates, affecting the in-cylinder pressure 
differently. 
The results presented in Fig. 16 illustrate the 
efficiencies of both deoxidizing agents, water and 
Urea, injected at different SOIs. The effect of water 
injection on NO oxidation process was found 
negligible, while the late Urea injection leads to 
substantial reduction of NO. Since the difference 
between Urea SOI = 30 CAD and SOI = 45 CAD is 
small, this CAD interval represents the optimal 
window for Urea injection. The trends of NO and 
Soot reduction by water and Urea as function of the 
injection timing and the water / Urea proportions in 
the solution are plotted Fig. 15–Fig. 17. The results 
illustrate that NOx reduction is not strictly 
proportional to the amount of Urea in the solution. 
For example, for SOI = 15 CAD the maximum 
reduction is achieved for 20% and 50% Urea 
content in the solution. For SOI = 30 CAD, the 
NOx reduction predicted appeared to be similar for 
all proportions. In the case of late secondary 
injection, SOI = 45 CAD, the maximum reduction 
was achieved for 50% Urea content. These results 
illustrate the prospect of Urea amount reduction 
used in the NO deoxidizing process. 
Similar results on CO and Soot reductions are also 
presented in Fig. 17. The results illustrate that late 
water/Urea injection can lead to substantial 
reduction of both emission agents, while early 
injection can even lead to growth of carbon 
monoxide content. 
The residual amounts of Urea and products of its 
decomposition are reducing rather slowly, requiring 
a considerable amount of time to be converted into 
N2 and H2O. In the case of a high engine speed 
(rpm > 1500), these residuals could be large. The 
usage of water / Urea solution allows injecting the 
oxidizing agents earlier into the high temperature 
regions, since the water evaporation reduces the 
temperature to a level advantageous for the NO 
reduction process. 
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(a) (b) (c) 
ig. 15 In-cylinder pressure and rate of heat release for water / Urea solution injection at different SOIs and for different 
Urea mass percentages in the solution. 
 
(a) (b) (c) 
Fig. 16 NO formation for water / Urea solution injection at different SOIs and for different Urea mass percentages in the 
solution. 
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(c) 
Fig. 17 Final NO, CO and Soot reduction/increase with respect to the Diesel only case: comparison for water / Urea 
solution injection at different SOIs and for different Urea mass percentages in the solution. 
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Fig. 18 The Soot-NO map an  time historie f the cell parameters corresponding to 3 different CADs, e., 17.5, 25 an
70, for the conventional Diesel injection. 
 
 
d s o  i. d 
 
 
  
Fig. 19 The Soot-NO map and time histories of the cell para
for the Diesel+water injection case (water injection
 
 
 
mete
 timin
rs corresponding to 3 different CADs, i.e., 18, 25 and 70, 
g: +15 CAD). 
 
  
Fig. 20 The Soot-NO map and time histories of the cell pa
for the Diesel+Urea injection case (Urea injection tim
 
ramete
ing
rs corresponding to 3 different CADs, i.e., 18, 25 and 70, 
: +15 CAD). 
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Fig. 21 The Soot-NO map and time histories of the cell parameters corresponding to 3 different CADs, i.e., 47.5, 55 and 
70, for the Diesel+Urea injection case (Urea injecti ming: +45 CAD).
emission, NOx and Soot are well illustrated by 
ansient emission maps depicted in Fig. 18–Fig. 21. 
The maps presented in Fig. 18 correspond to the 
late phase of combustion development when Diesel 
oil surrogate has already been injected. The earlier 
stage of the combustion is presented in Fig. 7 on 
page 195. The maps in Fig. 19 and Fig. 20 
correspond to the same CADs as in Fig. 18 with the 
different deoxidizing agents, water in Fig. 19 and 
Urea in Fig. 20, injected at CAD = 15. Fig. 19 
illustrates that water injection leads to a substantial 
reduction of Soot, but barely affecting the NO 
reduction. In this case, the slight increase of NO is 
probably due to the water vapor dissociation 
forming OH radicals. Conversely, the Urea 
but rem duces the amount of NO produced 
ain stage of combustion. The effect of NO 
duction by Urea injection is better pronounced for 
the latest injection, SOI = 45, as seen in Fig. 21. 
The residuals of Urea and ammoniac compounds 
can be kept negligible, if the relatively early, SOI ≤ 
30 CAD, secondary injection is realized. 
Since the reductions of Soot and NO by both water 
and Urea are effective for different injection 
timings, it is important to optimize the injection 
timing and the water / Urea proportion in the 
solution, the substance that combines the useful 
properties of both deoxidizing agents. 
5. CONCLUSIONS 
sprays, 
modeling based on the KIVA3V, rel. 2 code has 
een performed for the DI (7 sprays) Diesel IF-
n 
strategy using water and water / Urea solution 
injections directly into the engine cylinder during 
the expansion stroke. 
To perform the numerical analysis, the detailed 
chemical mechanism of Diesel oil surrogate 
combustion has been supplemented by a set of 
reactions accounting for Urea / NO interaction 
processes leading to conversion of NO into N2 and 
H2O. The total chemical mechanism used in the 
modeling consists of 74 species participating in 325 
reactions. 
By contrast with the general practice used to reduce 
NOx by DeNOx processes, when ammoniac agents 
were added into the combustion products at reduced 
temperatures and pressures, a relatively early 
/ 
Urea solution into high temperature gas has been 
analyzed along with different Urea mass 
percentages in the solution. The applicability of 
such an option is due to the latent heat of the water 
evaporation leading to a substantial reduction of the 
combustion products temperature. In the numerical 
experiments, it was found that significant reduction 
of NO can achieved. At these conditions, the 
residuals of Urea and ammoniac compounds can be 
kept negligible. 
Since the predictions illustrate that the early 
secondary injection can lead to substantial amount 
of carbon monoxide formation, the SOI and water / 
Urea proportion in the solution should be accurately 
selected. The optimal values of these parameters o  
the DeNOx process were found
water 
h agents at different 
injection timings, and the accurate optimization of 
the injection timing and Urea proportion in the 
on ti
The effects of both deoxidizing agents in reducing 1300 engine to analyze the possible NOx reductio
tr
injection does not affect much the Soot oxidation, 
arkably re
injection (from 15 to 45 CAD ATDC) of the water 
in the m
re
The full-scale (360-degree mesh, given number of 
and detailed chemistry model) CFD 
The reductions of Soot, CO and NO by both 
and Urea are effective for bot
b
f
. 
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water / Urea solution, the substance that combines 
the useful properties of deoxidizing agents, could be 
the subject of a future work. A special attention will 
be paid to a reduction of the amount of Urea used in 
the deoxidizing process. 
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